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Abstract 
This paper focuses on high-speed optical MEMS Scanners and Micro Mirror Arrays. Devices supporting  spot/pixel rates higher 
than 10 Mpixel / s are considered and discussed regarding limits and possibilities to further improve speed and optical properties. 
Several variants of both types, developed by our group, are presented. Scanning Micro Mirrors with frequencies up to 100 kHz 
enable spot rates of up to 130 Mpixels / s at 650 nm. Bragg-coatings enable high power applications up to 20 W (beam ø 2 mm). 
Challenges like static and dynamic mirror planariy are discussed. A 29-kHz-scanner for laser projection serves as application 
example.  
Highly parallel operated Micro Mirror Arrays extend pattern speed to 10 Gpixel / s including analog grey scaling. Irradiation 
tests prove stable operation of the mirrors at DUV. Prospects regarding optical planarity and high reflective coatings are 
discussed. By means of two examples, laser patterning of semiconductor masks and laser patterning of Printed Circuit Boards, 
properties of the spatial light modulators are presented.  
The two device classes are compared regarding spot/pixel rate and frequency. The comparison includes representative MEMS 
device examples from literature. 
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1. Introduction 
Today, the majority of applications in high-speed laser deflection and patterning is based on precision engineered 
galvanometers, piezo-scanners, acousto-optic deflectors or on LCD/LCOS devices. Among the first four 
aforementioned, acousto-optic deflectors provide the highest deflection rates allowing to resolve appr. 10 to  
90 Mspots / s (Bechtold et al. 2013). Fast LCOS devices typically provide response times in the lower ms-range. 
Large arrays of 4 k x 2 k pixels thus yield pixel rates in the order of 1 Gpixels / s. 
MEMS technology offers device solutions with properties extending the range of parameters e. g. regarding 
speed, level of miniaturization or wavelength range. Inherent properties like small mass and thus high resonance 
frequencies allow for spot/pixel rates comparable to or exceeding those of other technologies. Development efforts 
of the last years yielded improvements in optical quality, reliability as well as in maximum laser intensities to be 
processed by the MEMS mirrors. An increasing number of applications e. g. in laser processing, lithography, laser 
marking, optical tweezers, holography or femto-second laser pulse shaping already makes use of these benefits.  
This paper focuses on high-speed optical MEMS scanners and micro mirror arrays. Thus, devices allowing for a 
spot/pixel rate of more than 10 Mpixel/s are considered only. Several variants of both types, developed at 
Fraunhofer IPMS, are presented starting with the device and imaging principle. Next, challenges and capabilities for 
higher speed and further improvement of optical quality are discussed. Finally, application examples from laser 
projection to microlithography are presented. In chapter 5 the two device classes are compared regarding spot/pixel 
rate and frequency. The comparison includes representative MEMS device examples from literature. 
2. Scanning Micro Mirrors offering line frequencies in the kHz-range 
2.1. Device and imaging principle 
The 1D Scanning Micro Mirror (Fig. 1) consists of a mirror plate suspended by two springs fixed by anchors to 
the chip frame. Electrode fingers are connected to the mirror plate. They face their respective counterparts and 
together form the driving electrode comb. All these elements are made from single crystalline silicon which is 
highly doped to be used as electrical conductor. For insulation of electrical potentials trenches lined with silicon 
dioxide and backfilled with polysilicon are used. 
Fig. 1. (a) Left: schematic sketch of a 1D Scanner. Right: Micrograph of a 1D Scanner; (b) Photograph of an assembled and wire bonded
Scanner. This Scanner comprises a special suspension of the mirror plate to maintain high optical quality during oscillation. 
The resonantly excited torsional oscillation yields an total optical scan angle 4which corresponds to 4x the 
mechanical oscillation amplitude. The pattern along the scan line is formed by modulation of the laser beam 
intensity. Another scanner might be applied to scan in perpendicular direction. For characterization of the resolution 
an appropriate method is to calculate or measure the modulation transfer function (MTF) which provides the 
contrast of a sinusoidal pattern as function of the spatial frequency in the image. In section 2.2 we will see that use 
of MTF easily allows to discuss the influence of surface distortions on optical quality. Neglecting such effects and to 
  a)                                                     b)
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get a first idea of the resolution power the scanning mirrors can provide, it is common to apply the Rayleigh 
criterion. The minimum angular distance  '4  to distinguish between two spots along a scanned line is thus:  
D
aǻĬ f
O          (1) 
'4  is determined by the ratio of wavelength Oand aperture size D corresponding to the mirror dimension. af is 
the aperture factor with af = a = 1 for a rectangular and af = a{ = 1.22 for an elliptic aperture. Dividing the total 
optical scan angle by the minimum angular distance yields the number of resolvable spots N:
Ofa
DN 4           (2) 
While resonantly driven mirrors enable high 4D-products it should be noted that the requirement for the 
modulation bandwidth of the laser increases in comparison to a linear scan. As an example, the required modulation 
bandwidth for a sinusoidal trajectory is higher by a factor of Sin comparison to a perfect triangular scan.
2.2. Challenges and capabilities 
As already noted, calculating the number of resolvable spots according to Eq. 2 assumes an adequate low 
distorted optical surface of the mirror plate. With increasing scan frequency, however, especially mirrors providing a 
large 4D-product are subject to optical quality degrading deformations of the mirror plate induced by inertial forces. 
Adding stiffening structures on the backside of the mirror plate would be an effective measure to maintain sufficient 
surface quality. However, this would also increase moment of inertia resulting in additional challenges for driving 
and would require a considerably more complex fabrication process. Further, limits for mechanical load with respect 
to torsional stress and shock resistivity are more difficult to keep with increasing plate thickness. 
An alternative approach developed by our group (compare Wolter et al. 2006) is to provide the mechanical 
restoring torque not simply by axial springs, but to distribute several springs along the plate’s rim. These additional 
distributed springs force the mirror towards a planar state during oscillation. An example design is shown in Fig. 2. 
Also shown is a comparison of the deformation profile of a scanner without and with distributed springs. The RMS 
value was reduced to 18 % of the standard design. Comparison of the simulated results with interferometric 
measurements have shown that experimentally determined RMS values are well predicted. 
Fig. 2. (a) FE- model of an optimized distributed spring configuration. Eight springs are placed along the mirror’s plate circumference. The 
electrode comb is attached to the outer spring structure; (b) and (c): Comparison of the simulated deformation profile of a 17-kHz-mirror plate  
(D = 1 mm) at a mechanical deflection angle of 10° (torsional axis along y-direction). Mirror plate thickness is 30 µm, only. RMS value of the 
distributed spring design (c) is reduced to 18 % in comparison to the value of the standard design b). 
a)                                          b)                                                           c) 
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Fig. 3 compares the Point Spread Functions and the MTFs of an infinite stiff plate with the distributed spring and 
with the standard design of above mirror plate. Assuming that resolution is determined by a MTF value of 50 %, 
number of resolvable pixels for the standard design would be only 1/3 of the distributed spring design. 
Fig. 3. Calculated point spread function and intensity contour plot for a mirror plate @ 10° deflection, f = 17 kHz, D = 1 mm, O = 633 nm.  
(a) Plate with infinite stiffness; (b) plate with 30 µm thickness and distributed springs; (c) 30 µm thickness, standard spring design; (d) MTF. 
In addition to the dynamic deformation static deformation has to be considered, too. While thin metal coatings do 
not significantly degrade static planarity, dielectric coatings added to increase the reflection coefficient require 
special measures. To prevent the mirror plate from curving, stress compensated coating, deposited on both sides of 
the mirror plate, is a viable way, as depicted in Fig. 4a-b. The example shows a mirror with stress and temperature 
compensated coating for high power laser applications. Static curvature radius r is more than 5 m. With a reflection 
coefficient of R > 99.9 % at 532 nm the mirror plate was exposed high power ps-laser irradiation with an average 
power of up to 20 W (beam diameter 2 mm 1/e-2, repetition rate 20 – 35 kHz) for 65 million pulses. None of the 10 
tested samples showed any failure. Details of this experiment are described in Sandner et al. 2014. 
Fig. 4. (a) Micrograph of a chip (backside) with an HR dielectric multilayer Bragg coating. The temperature compensated coating is applied on 
both plate sides for reduced static mirror deformation; (b) Interferometric measurement result of the deformation topography (r > 5 m);  
(c) Characteristics of various high frequency scanners (plate thickness: 75 µm). All but one are operated at ambient pressure. 
While optical quality depends on wavelength, the driving force and the mechanical stress in the silicon springs 
sets general limits for large 4D at high scan frequencies. Fig. 4c displays the characteristics of selected fabricated 
high frequency scanners. The 10-kHz-scanner achieves a 4D of more than 100 °mm at 200 V at normal pressure. 
The example of the 100-kHz-scanner shows that operation at reduced pressure allows to increase deflection angle 
significantly. The 38-kHz-scanner is an example with distributed springs. At 48° optical scan range the peak-valley 
deformation of the plate of 74 nm still supports use of the scanner for O!nm applying the O/10-criterion.
2.3. Application example: High frequency scanner for laser image projection 
A scan head for laser image projection based on two resonant 1D Scanners was developed. Scanning frequency 
of the vertical direction is 100 Hz, operation frequency for the horizontal scanner is 29 kHz. Fig. 5a shows a 
micrograph of the fast scanner. The mirror plate’s diameter is 1 mm. Thickness of the plate is 75 µm. Distributed 
springs are applied allowing us to keep dynamic deformation as low as 14.5 nm RMS at a mechanical amplitude of 
12° (optical scan range 48°). The deformation profile is depicted in Fig. 5b. For 2D image projection the high 
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frequency scanner for horizontal deflection and the low frequency scanner for vertical deflection are combined in a 
single package as illustrated in Fig. 5c. The lighter shaded part of the assembly comprises the high frequency 
scanner, the darker shaded part contains the low frequency scanner (for details see Grahmann et al. 2012). The 
fabricated scan head measures 15 x 12 x 10 mm³.  
Fig. 5. High frequency Scanning Micro Mirror (29 kHz). (a) Micrograph showing mirror plate, distributed springs and electrode comb. The 
scanner has an integrated piezo-resistive sensor; (b) FE-model of the dynamic deformation. RMS of the surface topography is 14.5 nm. Peak-
valley is 67 nm at 12° mechanical scan angle; (c) Drawing of the 2D projection module comprising two 1D Scanners. 
3. Linear Spatial Light Modulators offering line frequencies up to the MHz-range 
3.1. Device and imaging principle 
A basic configuration of deflectable mirrors is applied in the following to describe the imaging principle. We 
assume the modulator to be composed of a linear array of individually deflectable micro mirrors (Fig. 6). Upon 
electrically addressing each mirror is tilted in an analog manner with the tilt angle determined by the pixel voltage.  
Fig. 6. Schematic view of the linear micro mirror array with two deflected mirrors. z(x) is the deflection profile. 
Optically, the addressed modulator acts as a grating with spatially varying blaze angle. By means of a so-called 
Fourier optical filter set-up only undeflected mirrors contribute to the image. Thereby, the pixel intensity in the 
image is decreasin with the deflection from zero to O/4 of the corresponding mirror. 
In the following, Fourier-optical treatment is applied to discuss basic device functions. We assume illumination 





SI           (3) 
The pupil function P(x) is expressed as product of the source strength A(x) (amplitude of the electric field) and 
an exponential function comprising the local phase I(x):
)()()( xiexx IAP           (4) 
a)                                  b)              c) 
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The distribution of the electrical field Ed of the diffraction pattern in the so-called Fourier plane is given by the 
Fourier-Transformation of the pupil function: 
}F{P )()'( xcxEd  ?  (5) 
with x’ the coordinate in the Fourier-plane and c1 a constant inter alia depending on the focal length of the 
applied collimation lens. By means of a second lens the diffraction pattern is reconverted to the original pupil 
function P(x) - if all diffraction orders would be used for reconversion. Mathematically, this step is described by the 
inverse Fourier-Transformation. With a spatial filter in the Fourier-plane only allowing to pass the 0th order of 
diffraction the inverse Fourier-Transformation yields the filtered pupil function Pfilter(x):
}{FP -1 )'()'()''( 2 xFxEcx dfilter         (6) 
Here, x’’ is the coordinate in the image plane and F(x’) is the filter function which is 1 in the range from -' to 
+'and is 0 otherwise. ' is chosen such that all diffraction orders higher than zero generated by the pixel grid lie 
outside this range while zero order can pass. Higher diffraction orders comprising pattern information can also pass. 
The constant c2 comprises characteristic parameters of the optical set-up. The intensity of the image is given by:  
2
filter )''()''( xxIimage P          (7) 
In the following, we assume homogenous illumination and zero reflection from the slits. Thus, the source 
strength A(x) (amplitude of the electric field per area unit) is constant along the mirrors and we assume A(x) = 0 for 
the slits. Further, to discuss the image principle, we assume that the mirror pixel pitch is 16 µm with 0.8 µm slits, 
demagnification by the optical set-up is 10x and the wavelength O is 248 nm. 
Fig. 7a shows an example profile z(x) of an addressed Micro Mirror Array and the resulting image intensity. 
Deflection of the first seven mirrors is O/4 efficiently shifting intensity from the 0th order to higher orders yielding 
no significant intensity for the corresponding image pixels. Next, the profile is formed by a series of four mirrors at 
a time with the first and second mirror deflected by less than O/4 and the third and fourth mirror deflected by O/4. 
From quad to quad the deflection of the respective first mirror pair is decreased down to zero. As a result 10 lines 
with 10 grey values are formed (Fig. 7b).  
Fig. 7. Grey values by partial deflection of micro mirrors. (a) deflection profile; (b) resulting intensity distribution in the image; (c) subpixel 
addressing by partial deflection of the edge mirror: deflection profile. Deflection of the edge mirror (center at x = 0) is varied between 0 and 
62 nm; (d) arial image for the selected deflections; (e) line width at relative intensity of 0.5.  
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Controlled partial deflection of the mirrors can be applied not only to generate lines or areas with a grey value 
between black and white (i. e. relative intensity of 1). It also enables subgrid addressing. The addressing grid in the 
image plane is given by the modulator mirror pitch divided by the demagnification. In above example the addressing 
grid would be 16 µm / 10 = 1.6 µm.  Any line in the image plane would have an addressing length given by an 
integer multiple of 1.6 µm. To achieve smaller increments mirrors at the edge of a structure are partially deflected. 
The effect on the line width is illustrated in Fig. 7c-e. If we assume that the aerial image is transferred to a high 
contrast resist and the required exposure dose is reached at a relative intensity of 0.5 the line width can be adjusted 
between 4.0 and 5.6 µm with a much smaller increment than 1.6 µm. Thereby, the subgrid addressing increment 
depends on the number of addressable grey values generated by the edge mirror. 
The smallest feature size is determined by the modulator pixel pitch as at least one mirror has to be deflected. In 
terms of pixel number, however, grey value modulation offers an addressing grid which would require a 
significantly higher number of pixels for a device without grey value modulation option.  
3.2. Challenges and capabilities 
To obtain high contrast and homogenous grey values mirror planarity is of key importance. For high quality 
DUV laser writing requirements range from 2 to 10 nm surface RMS, typically. To meet this requirement the Micro 
Mirror Array fabrication process comprises several planarization steps by Chemical-Mechanical Polishing (CMP).  
Writing speed is fundamentally limited by the resonance frequency of the individual mirror. Due to small mass 
and thus small moment of intertia resonance frequency can be high and by means of design optimization reach up to 
the MHz range. This allows for fast writing and continuous or quasi-continuous exposure. In particular, use of lasers 
pulsed in the MHz range is enabled providing the advantage of a smaller energy density per pulse and hence reduced 
laser induced degradation of the mirror material.  
The mirror plate is made of an aluminum-alloy with a thickness in the range of 0.5 micrometer. This small size 
supports high resonance frequency as well as etching of small slits and thus high optical fill factor. On the other 
hand challenges for dielectric multilayers to fabricate high reflective coatings are high as significant stress-induced 
and temperature dependent curvature has to be avoided. Our current investigations focus on the use of atomic layer 
deposition potentially allowing us to fabricate 1D and 2D spatial light modulators for energy densities enabling 
applications like e. g. laser ablation. 
3.3. Application example: Laser Direct Imaging of advanced substrates for semiconductor packaging 
A linear spatial light modulator was developed together with Mycronic AB as core element for laser direct 
imaging. The device comprises 8192 addressable pixels in x-direction. Each pixel consists of 268 mirrors arranged 
in a row along y-direction. Extension of the optical area in y-direction enables processing higher laser intensities due 
to the larger modulator area. The approach to use many small mirrors instead of one or a few long mirrors was 
chosen to retain the advantage of high resonance frequency. 
The mirrors have an hexagonal shape as shown in Fig. 8a. A two-level technology allows us to use different 
materials for hinge (5) and mirror plate (7) and to hide the hinge layer under the mirror enabling a high optical fill 
factor. (1) and (2) are the positive and negative global electrodes, respectively. (4) is the yoke, electrically connected 
to the data electrode (3). Fig. 8b illustrates the 2D arrangement of the hexagonal mirrors with one pixel highlighted. 
Fig. 8c displays an image of several spatial light modulator devices on wafer level.  
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Fig. 8. (a) Schematic drawing of the hexagonal shaped mirror; (b) arrangement of the mirrors with one pixel comprised of 268 mirrors 
highlighted; (c) image of complete devices on wafer level. The optical area of the analog deflectable Micro Mirror Device is 4 x 82 mm². 
Note, that the use of a hexagonal mirror requires a deflection slightly higher than O/4 to reach minimum intensity 
in the image plane. The array was fabricated without integrated electronics. The electronic driver providing MHz 
data rate is realized by two printed circuit boards, one of them placed to each of the long sides of the chip. 2 x 4096 
wire bonds provide the electrical connection to the 8192 data lines. Resonance frequency of the mirror is slightly 
higher than 1.3 MHz enabling pixel rates of the modulator higher than 10 Gpixel / s. 
Fig. 9 depicts the surface of typical micro mirrors in an SEM image and their interferometrically determined 
surface profile. RMS value of 1.5 nm is well within the specified range  for the operation wavelength of 355 nm. 
Fig. 9. (a) SEM image of the modulator surface showing several mirrors; (b) mirror topography determined by a Wyko NT 8000 optical profiler. 
Residual print-through from planarized yoke and post structures form systematic features. 
Fig. 10. (a) Mycronic’s LDI 5sp exposure system. (b) 15 µm dry film resist on Cu seed layer, patterned with a micro-via interconnect test pattern. 
Minimum line / space feature size is 6 µm. Both images courtesy of Mycronic AB, Sweden. 
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The chip is core-element of the new LDI 5sp series for Laser Direct Imaging of Mycronic AB (Fig. 10). The 
system is optimized for fast processing of advanced substrates for semiconductor packaging with a resolution better 
than 10 µm L / S. A 355 nm diode-pumped solid state laser is used for illumination. During exposure the 1D image 
of the spatial light modulator is scanned across the substrate panel (details see Schmidt et al. 2014).  
4. 2D Spatial Light Modulators for Massive Parallel Laser Patterning 
4.1. Device and imaging principle 
In contrast to the linear spatial light modulator as presented in chapter 3 a 2D array is characterized by the ability 
to deflect every mirror individually. For large arrays integrated electronics for data distribution is needed. 
Fabrication thus starts with a CMOS process to build the active backplane. The DRAM-like architecture with every 
pixel comprising switching transistor and capacitor connected to the address electrode is illustrated in Fig. 11a. The 
1-million-mirror-matrix as shown in Fig. 11b is subdivided in two halves of 2048 x 256 pixels each. Rows are 
addressed in a sequential manner with a clock rate of 10 MHz. Each column demultiplexer writes data to 16 
columns. This results in a total frame time of 16 x 256 x 1/10 MHz = 0.41 ms. Taking into account additional time 
for communication with the external pattern generator and for the actual imaging a frame rate of 2 kHz is achieved 
in this example.  
Fig. 11. (a) Schematic illustration of the pixel cells; (b) photograph of an analog 2D array with 2048 x 512 pixels. The optical area measures  
32.8 x 8.2 mm² (greenish area in the image). Column demultiplexer, row shift register and further electronic blocks are integrated around the 
optical active area (golde-colored U-shaped area in the image). 
The principle of Fourier-based image generation including grey scaling is identical to that of the linear array. 
Fig. 12a shows the architecture of a hidden hinge design for increased optical fill factor. Grey scale capability is 
demonstrated in Fig. 12b by a test pattern consisting of 8 x 8 areas with increasing intensity from upper left to lower 
right formed by a 256 x 256 pixel array. The same array was used to display a grey scale image of a photograph. 
4.2. Challenges and capabilities  
Considerations for the 1D array made in section 3.2 are valid for the 2D array as well. One of the key parameters 
is surface quality and its changing induced by exposure. Bow of the mirror is used to investigate the influence of 
various irradiation parameters like wavelength, pulse rate and energy density. A typical example of the bow change 
with increasing number of applied laser pulses is shown in Fig. 13. As expected, the change is higher for higher 
energy density. However, the observed change of max. 2 nm after 50 Mio. pulses is within reasonable limits. 
a)                                                                 b) 
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Fig. 12. (a) SEM image of the chip surface with one mirror plate removed; (b) Grey scale patterns imaged at 680 nm (Bernd 2013). The measured 
intensity course for the eight darkest grey values is shown. The grey scale image on the right shows the famous Frauenkirche in Dresden. 
Fig. 13. Typical example result of an irradition test. The bow change (average of 500 mirrors) was monitored for 50 Mio. pulses at 10 and 
20 mJ /  m². Wavelength: 248 nm, repitition rate: 1 kHz, pulse duration: app. 10 ns. 
4.3. Application example: Laser mask writing 
A 2-kHz-frame-rate Micro Mirror Array with 2048 x 512 pixels (compare Fig.11b) was developed for laser mask 
writing. The chip image is demagnified by a factor of 200. A single mirror thus corresponds to an image pixel of 
80 nm width. Applying analog deflection of edge mirrors for sub grid addressing an addressing grid of 1.4 nm is 
achieved enabling fabrication of e. g. structures for Optical Proximity Correction. A detailed description of the 
system can be found in Dauderstaedt et al. 2009. 
5. How Scanning Mirrors and Micro Mirror Arrays compare 
Fig. 14 displays pixel rates of selected devices of this work and from literature. Micro scanning mirror 
technology provides pixel rates up to the range of 100 Mpixels / s and scan frequencies of up to 100 kHz. The highly 
parallel writing approach enabled by Micro Mirror Arrays supports pixel rates up to  
10 Gpixels / s. Pursuing the parallel approach further, even higher pixel rates are available respectively possible. 
Fig. 14 demonstrates general capabilities for MEMS based high-speed laser deflection and patterning. However, for 
a concrete application multiple further considerations have to be taken into account: device and system complexity, 
size, contrast, operation wavelength, laser intensity / dose and availability of suitable laser sources to mention a few. 
6. Summary and Conclusion 
MEMS technology offers a large variety of solutions for high-speed laser deflection and patterning. Pixel rates of 
more than 100 Mpixels / s are supported by Scanning Micro Mirros and more than 10 Gpixels / s by Micro Mirror 
Arrays. The possibility to process laser intensities of several Watt encourages applications beyond laser displays and 
microlithography. 
a)                                                                 b) 
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Fig. 14. Pixel rate, frame rate and number of pixels of various devices. Multiplication of number of pixels and frame rate yields the pixel rate.
Scanning Mirrors: For the pixel number, the number of resolvable spots according to Eq. (2) was applied with O = 650 nm. Frame rate was 
assumed to be twice the resonance frequency (illumination during back and forth scan). All devices but two are operated at normal pressure. 
Micro Mirror Arrays: For the digital device the frame rate for 8 bit grey scaling is applied to be comparable to the analog devices.
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